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Abstract 
 
In the recent decade, the family of Heusler compounds has attracted tremendous 
scientific and technological interest in the field of spintronics. This is essentially due 
to their exceptional magnetic properties, which qualify them as promising functional 
materials in various data-storage devices, such as giant-magnetoresistance spin valves, 
magnetic tunnel junctions, and spin-transfer torque devices. In this article, we provide 
a comprehensive review on the applications of the Heusler family in magnetic data 
storage. In addition to their important roles in the performance improvement of these 
devices, we also try to point out the challenges as well as possible solutions, of the 
current Heusler-based devices. We hope that this review would spark further 
investigation efforts into efficient incorporation of this eminent family of materials 
into data storage applications by fully arousing their intrinsic potential. 
 
 
 
 
 
 
 
 
 
 
 
1. Introduction 
Ever since the discovery of giant magnetoresistance (GMR) by Fert and Grünberg 
(2007 Nobel Prize in Physics) in 1988,1, 2 intense research efforts, within the field of 
“spin electronics” or “spintronics”,3 have been boosted in both fundamental 
investigations and practical applications. Specifically, in the area of magnetic data 
storage, the GMR, by providing a sensitive and scalable read technique, has led to an 
increase of the areal recording density by more than two orders of magnitude (from 
≈1 to ≈600 gigabits/ inch2 in 2007).3, 4 In the early 1990s, the demonstration of GMR 
effect and oscillation behavior with respect to the thickness of non-magnetic (NM) 
layers was reported in the metallic superlattice systems Co/Cr, Co/Ru5 and Co/Cu6, 7, 
using the economical sputtering technique. Subsequently, GMR was observed for the 
first time in a tri-layer spin-valve (SV) structure, composed of two (Ni81Fe19, Ni80Co20, 
Ni) ferromagnetic (FM) electrodes separated by (Cu, Ag, Au) NM spacers.8 Later in 
1997, SV-based current-in-plane (CIP) GMR sensor was commercialized by IBM as 
the read head of the hard disk drive (HDD), replacing the previous anisotropic 
magnetoresistance (AMR) technique. However, the planer geometry of the CIP SV 
sensors intrinsically limits further dimensional downscaling of the HDD read heads, 
and therefore, prevents higher storage density. In order to overcome this problem, the 
current-perpendicular-to-plane (CPP) configuration of GMR SVs was recently 
proposed as a promising architecture due to its geometrical compatibility with the 
shape of the read head track and intrinsic higher magnetoresistance values. 9, 10  
Another big progress in spintronics related to data storage is the invention of the 
magnetic tunnel junction (MTJ), which is also a tri-layer stack composed of two FM 
layers sandwiching a NM insulator instead of metal. The story of the MTJ 
development began in the mid-1970s, when Jullière reported the observation of a 
small MR effect from a Fe/Ge/Co MTJ structure at low temperature.11 However, the 
realization of remarkable and reproducible TMR effect had not been achieved until 
1995, when the MTJ structure containing amorphous Al2O3 spacer was reported with a 
relatively large MR ratio ~70% at room temperature (RT).12, 13 Afterwards, large 
TMR ratio was predicted in the MTJs with single-crystal MgO barrier by 
first-principles calculations.14-16 Rather than the simple barrier model, the electron 
tunneling behavior of MgO-based MTJs is much more complicated, which is 
determined by the spin-dependent symmetry coupling of the transmission Bloch states 
between the FM electrodes and the NM MgO spacer. Subsequent experimental 
breakthrough was achieved in the MgO-based MTJ with much larger MR ratio ~200% 
at RT.17, 18 In the recent years, the TMR effect was largely enhanced by the improved 
experimental techniques.19 Although MTJs are believed as less favorable for HDD 
read heads due to the much larger intrinsic resistance-area product (RA), above 
1Ωcm2, compared with their all-metallic GMR counterparts,10  they seems more 
eligible to be incorporated into the magnetic random access memory (MRAM).4, 20 
MRAM is claimed by its proponents to possess overwhelming advantages 
(nonvolatility, fast access and unlimited duration) over the current main-stream 
solid-state drive (SSD) memories, such as static random-access memory (SRAM), 
dynamic random-access memory (DRAM) and Flash, and would even become 
dominant over all types of data storage techniques as a “universal memory”.21 In 
reality, the first MRAM product, a 4-Mbit stand-along toggle memory, was 
commercialized in 2006 by Freescale.22, 23 However, the current toggle MRAM may 
not be expected to scale well to small dimensions due to the intrinsic requirement of 
large write currents in the way of Oersted-field flipping. Such poor write-ability limits 
the number of elements that can be arrayed and degrades the layout efficiency of the 
memory. Moreover, large write currents also increase the power consumption well 
beyond that of SRAM or DRAM.24  
 
The hope of breakthrough for the data writing was provided by the prediction in 1996 
by Slonczewski and Berger that, instead of long-range effects mediated by the write 
current via its Oersted field, the magnetization orientation of a free magnetic layer 
could be controlled by a local means of manipulation via the transfer of spin angular 
momentum from a spin-polarized current, or in short, the spin-transfer torque (STT) 
effect.25, 26 Specifically, a spin-polarized current of s-electrons are generated by 
transmission through or reflection from the thick reference layer and most of the 
electrons maintain this polarization as the current passes through the non-magnetic 
spacer. When the current approaches the thin free layer, however, an s-d exchange 
interaction occurs, which transfers the angular momentum from the polarized current 
to the free-layer magnetization, acting as an effective torque. This spin torque can 
oppose the intrinsic damping of the magnetic layer, reverse the direction of the 
magnetization and lead to a resistance change. The early experimental verification of 
the STT effect was made in Co/Cu multilayers27 and Co/Cu/Co CPP-GMR SV 
nanopillars28-30, whereas the interest was later shifted and focused on the association 
between STT and MRAM. In the spin-transfer torque random access memory 
(SPRAM), the switching threshold is determined by the injected spin-polarized 
current density, instead of the current, which makes it possible to ease many of the 
scaling limitations of the toggle MRAM.31, 32 Besides, the elimination of the external 
write line would also lower the power consumption below that of both SRAM and 
DRAM.24, 33, 34 Actually, several demonstrations of SPRAM have already been 
presented by industry,35-37 which exhibit many aforementioned advantages, making it 
competitive as a future data-storage technique.34 
 
For both HDD read heads and MRAM/SPRAM-based SSDs, large signal-to-noise 
ratio (SNR), which is related to the MR ratio of the GMR/TMR functional elements, 
is essential for the next-generation high-density data storage techniques.3, 4, 38 A 
straightforward method of enhancing the MR is to use materials with high spin 
polarization (SP), such as FM or even half-metallic materials, for the electrodes of 
GMR/TMR devices.3, 4, 38-40 Among all the possible materials, the family of Heusler 
alloys, first discovered by and named after Fritz Heusler in 1903,41, 42 is widely 
believed as potential candidates eligible for constructing CPP-GMR and TMR 
architectures.43, 44  
 
Heusler compounds are ternary inter-metallic face-centered cubic (fcc) crystals with 
the general formula XYZ (often called half-Heusler) or X2YZ (full-Heusler), in which 
X and Y are typically transition metals and Z is a main group element. The constituent 
elements of the Heusler compounds cover almost the whole periodic table, as shown 
in Fig. 1, which provides innumerable members in this family, and hence wide 
choices for the electronic structure tuning and material design of desirable properties, 
ranging from half-metallic ferromagnets (HMF),39, 45 completely-compensated 
ferrimagnets,46 over nonmagnetic semiconductors,47, 48 to superconductors49 and 
topological insulators.50-54 A comprehensive description of the Heusler family can be 
found in Ref. 43. In this review article, however, we would focus on the applications 
of the Heusler compounds in the field of data storage. 
 
Scientific interest in this field was sparked by the theoretical prediction40, 55 and the 
subsequent experimental verification56 of the high Curie-temperature (Tc) 
half-metallicity in the bulk half-Heusler compound MnNiSb in the 1980s, which 
suggested the possibility of dramatic MR enhancement of the GMR/TMR devices by 
using the Heusler compounds as electrodes. However, the first MTJ with the MnNiSb 
epitaxial electrode yielded MR ratios as low as 9% at RT and 18% at low 
temperature,57 respectively. This low MR ratio was attributed to the atomic-disorder 
which leads to the diminishing of the half-metallic gap around the Fermi level (Ef).58 
Similar low MR effect was reported for devices employing other half-Heusler 
compounds, for example, PtMnSb, in GMR SVs.59, 60 Later on, research interest was 
shifted to Co-based full-Heusler compounds due to their expected larger MR effect, 
because they were shown to possess more stable half-metallicity, both in theory and 
experiment.45, 61-67 The early successful demonstration of large MR values in the 
quaternary Co2Cr0.6Fe0.4Si-based MTJs triggered enormous efforts focusing on the 
incorporation of the Co-based full Heusler compounds into both GMR and TMR 
devices,66, 68 leading to a tremendous increase in the MR ratio during the recent 
decade.69, 70 
 
In addition to the high spin polarization and high Curie temperature (Tc) mentioned 
above, Co-based Heusler compounds, such as Co2FeAl (CFA) and Co2FexMn1-xSi 
(CFMS), have a much lower saturation magnetization and damping constant 
compared with those of the conventional FM materials.71, 72 This is of crucial 
importance to the reduction of the switching current and power consumption of the 
current STT devices. Remarkably, perpendicular magnetic anisotropy (PMA) has 
recently been reported in the CFA-based epitaxial stacking structures,73-77 suggesting 
the feasibility of the application of CFA in the perpendicular FM electrodes of MTJs 
with high thermal stability at reduced dimension. Other than the well-known cubic 
full-Heusler compounds, a family of tetragonally-distorted Heusler compounds 
Mn2YZ have recently emerged as another category of suitable materials due to their 
almost excellent fulfillment of the requirements for the electrodes of STT devices.78-83  
 
This review article is organized as follows. In Section 2, a general description of the 
incorporation of Heusler compounds in MTJs is presented in Subsection 2.1, while in 
Subsection 2.2 we focus on the temperature dependence of the MR performance in 
these MTJs and summarize the possible ways in eliminating such an effect. The 
development of Heusler-based CPP-GMR devices is discussed in Section 3. Section 4 
is dedicated to a novel all-Heusler design scheme for high-performance CPP-GMR 
and TMR junctions. An overview of the possible applications of Heusler compounds 
in STT devices is given in Sections 5, with Subsections 5.1 focusing on the 
cubic-phase compounds and 5.2 on the innovative tetragonally-distorted phase. 
Finally, a brief outlook of the future development of the Heusler-based data storage 
devices is addressed in Section 6 to conclude this review article. 
 
2. Heusler Compound-based Magnetic Tunnel Junctions 
2.1 Development 
As mentioned above, a straightforward strategy to obtain a large TMR effect is to use 
electrode materials with an intrinsically high spin polarization. Following this 
consideration, a number of half-metallic (100% spin polarization) Heusler compounds 
have been widely studied and utilized, among which the first experimental 
observation of TMR in a B2-odered Co2Cr0.6Fe0.4Al(CCFA)(10 nm)/AlOx(1.8 
nm)/CoFe(3 nm) MTJ was reported by Inomata et al. in 2003.68 This Heusler-based 
MTJ was fabricated at RT on a thermally oxidized Si substrate without any buffer 
layers.68  The MR ratio was 16% at RT and 26.5% at 5K, respectively. This 
important experiment pointed out the possibility of creating large TMR at RT in the 
Heusler-compound system. Further investigation showed that the Co2(Cr1-xFex)Al 
films possess the B2 or A2 structure, depending on the stoichiometric constitution, 
and the largest TMR value was obtained at x=0.4.84, 85 Following this, intense 
experimental efforts have been made on the demonstration and enhancement of TMR 
in the MTJs with an amorphous alumina (AlOx) barrier and various Co-based 
full-Heusler electrodes, e.g., CCFA,84, 85 Co2MnAl (CMA),86, 87 Co2MnSi (CMS),88-90 
Co2FeAl (CFA),91 Co2FeSi (CFS),92 Co2FeAl0.5Si0.5 (CFAS)93  and CMS/CFS 
multilayers.94 
 
Recently, TMR ratio as high as 6000% was theoretically predicted in the 
Fe/MgO/Fe(001) MTJ from a ballistic conductance calculations.14, 15 It was found that 
the decay rate of the wave function with the Δ1 symmetry is very slow as compared 
with that of the Δ2 and Δ5 channels in the single crystalline MgO barrier owing to the 
symmetry compatibility with the complex Δ1 band in the insulating gap of the MgO. 
Since bcc-Fe is half metallic on the Δ1 band, the Fe/MgO/Fe (001) MTJ can provide 
very large TMR. Three years later, high TMR ratios of about 180% in the 
Fe/MgO/Fe(001) MTJ18 and about 220% in the CoFe/MgO/CoFe (001) MTJ17 were 
successfully achieved at room temperature. Furthermore, the TMR ratio was raised to 
604% at RT and 1144% at 5 K in the MTJ with CoFeB electrodes and a MgO 
barrier.19  While the Fe/MgO/Fe(001) MTJ and related systems have succeeded in 
obtaining very large TMR ratio at RT, lower resistance is required in order for the 
MTJ to be compatible to other circuit elements to build cascade devices. To this end, 
one needs a tunneling junction with a thin MgO barrier. However, the TMR ratio of 
Fe/MgO/Fe (001) and related systems decreases rapidly as the thickness of the MgO 
barrier is reduced owing to the contribution of the minority-spin Δ5 and Δ2 channels to 
the tunneling conductance through a thin MgO barrier. The use of HMFs as electrodes 
in the MTJ with MgO barrier (HMF/MgO/HMF) can be expected to suppress the 
tunneling from the minority-spin Δ5 and Δ2 states in such a thin MgO barrier and has 
the potential to overcome this problem. The MTJs composed of the MgO barrier and 
half-metallic Co-based full Heusler compounds, e.g., Co2FeAl0.5Si0.5,95-97 
Co2Cr0.6Fe0.4Al,98 and Co2MnSi,99-101 were fabricated in recent years, and the TMR 
ratio has been improved steadily, as summarized in Fig. 2. Furthermore, 
first-principles calculations suggested that the Co-based Heusler compounds, such as 
CMS, also have specific Δ1-band half-metallicity in addition to their total band 
half-metallicity, and might induce similar coherent tunneling and symmetry selective 
filtering effect14, 16, 102 as that in (Co)Fe/MgO/(Co)Fe MTJs.103  Remarkably, this 
proposal was later confirmed by a clear experimental observation of TMR oscillation 
behaviour with respect to the thickness of the MgO barrier, similar to that in 
Fe/MgO/Fe MTJs,18, 104 even in the B2-disordered CFA/MgO/CFA MTJs.105 However, 
it should be noted that high-quality MgO barriers are an indispensable factor for the 
achievement of such giant coherent tunneling effect; otherwise the effect would be 
destroyed even for the MTJs with L21 ordered CFA electrodes.97 
 
2.2 The temperature effect 
As can be seen in Fig. 2, although large TMR ratios have been achieved at low 
temperature in MTJs with Co-based full-Heusler compounds, these TMR values 
significantly decrease at elevated temperatures. To understand the origin of the TMR 
reduction at finite temperature, Lezaic et al. discussed the thermal collapse of the spin 
polarization by using an extended Heisenberg model together with ab initio 
calculation.106 They found that the spin polarization of bulk CMS drops rapidly with 
increasing temperature for T > 0.27Tc, of which the decisive factor is the change in 
hybridization due to spin fluctuation. Furthermore, Chioncel et al. investigated the 
effects of electronic correlations in CMS by combining a theoretical dynamical mean 
field theory (DMFT) and an experimental tunneling-conductance spectroscopy 
measurement. They attributed the SP reduction at finite temperatures to the 
appearance of nonquasiparticle (NQS) states in the half-metallic gap of CMS, which 
extend across the Fermi level (Ef) and open an additional tunneling channel to the 
minority spin.107 However, a further photoelectron spectroscopy measurement showed 
no distinct temperature dependence of the CMS valence-band electronic structure, 
which was in contrast with the NQS explanation.108 Accordingly, the spin-mixing 
behavior, such as magnon excitations and inelastic scattering, was discussed as an 
alternative mechanism for the collapse of half-metallicity, and in turn, the rapid 
decrease of the TMR ratio at finite temperature.53,109 These effects are due to the 
presence of interface states within the CMS minority gaps at the CMS/insulator 
junction. Moreover, Sakuma et al. showed, based on their first-principles calculations, 
that the exchange constant of interfacial Co spin moments at the CMS/MgO(001) and 
CMA/MgO interfaces is relatively small compared to that of bulk CMS and CMA, 
leading to instability of the interfacial Co spin moments at finite temperature and the 
strong temperature dependence of the TMR ratio.110 Miura et al. further investigated 
the effects of spin-flip scattering on the TMR value in a CMS/MgO/CMS MTJ on the 
basis of the first-principles calculations.111 They confirm that the non-collinear 
magnetic structures of interfacial Co spin moments, resulting from the thermal 
fluctuations, cause the spin-flip scattering and lead to a significant reduction of the 
TMR.   
 
The stabilization of half-metallicity of the Heusler electrodes is one of the possible 
solutions for minimizing such temperature effect and achieving high TMR ratio at RT. 
The substitutional series of quaternary Heusler compounds, Co2FeAl1-xSix, were 
proposed as promising candidates because of their localized moments at the Fe sites, 
simplicity of majority bands in the vicinity of the Fermi level, and most importantly, 
their tunable Fermi level within the minority gap.96, 112, 113 It was shown by first 
principles calculations that the whole series of quaternary Co2FeAl1-xSix compounds 
exhibits HMF character and an almost linear concentration factor (x) dependence of 
the Fermi level position relative to the half-metallic gap. Among the series, 
Co2FeAl0.5Si0.5 (x=0.5) has its Fermi level located right in the middle of the minority 
gap.112 Such a median position of Ef would efficiently enhance the thermal stability of 
the half-metallicity because it is far from the edges of both valence and conduction 
bands, and therefore, reduces the sensitivity to various thermal fluctuation effects.112 
This Fermi level tuning behavior was experimentally demonstrated subsequently by 
the differential conductance measurements in a CFAS/(MgAl2)Ox/CoFe MTJ, 
showing the highest effective spin polarization (Peff) of up to 0.91, and the weakest 
temperature dependence of the Peff among all known half metals.114 Further study in 
the same work showed that the decay of Peff follows T3/2 law, Peff(T)=P0(1-αT3/2), 
perfectly, which indicates that the depolarization of CFAS is determined by spin wave 
excitation only. However, MTJs with CFAS electrodes and the MgO spacer, 
fabricated either by magnetron sputtering96 or molecular beam epitaxy115, still 
exhibited large temperature dependence of TMR values.    
 
Moreover, the temperature dependence of TMR is also largely affected by the 
morphology and quality of the interfaces between the half-metallic electrodes and the 
spacer. It was estimated that the decay factor α is larger at the interface than that in 
the bulk, indicating comparatively larger interfacial thermal fluctuation effect.114 A 
further investigation into the fully epitaxial B2-ordered CFA/MgO/CFA MTJs shows 
that the structural quality of the MgO/top-CFA interface is heavily reduced compared 
with that of the bottom-CFA/MgO junction.116 If assuming the same morphology of 
the upper MgO/top-CFA interface as that of the MgO-buffer/CFA junction, the 
predicted MR ratio could be as high as 1800% at RT. Therefore, it should be 
worthwhile to make further experimental efforts to realize high-quality 
MgO/top-Heusler electrode interface, although it is a challenging issue based on 
current technology.   
                                                                                     
3. Heusler-based CPP-GMR Spin Valves 
Continuous evolution of HDD read heads with higher sensor output, lower resistance, 
and a higher bit resolution is required for the further ultrahigh density magnetic 
recording. Low resistance MR devices are of urgent requirement for impedance 
matching between read sensors and the preamplifiers, for lower electric noises, and 
for high frequency data transfer.117-119 A read-sensor RA less than 0.1 Ωμm2, at least, 
is required for the recording densities exceeding 2 terabits/inch2.119 This is a big 
challenge for the currently used MTJs with a high impedance insulator spacer, but can 
be easily achieved for the CPP-GMR SVs composed of all-metallic layers, whose RA 
values are typically below 0.05Ωμm2. However, the SNR of the CPP-GMR SVs with 
conventional ferromagnetic (FM) materials such as the CoFe alloy, i.e., resistance 
change-area product (ΔRA) of ~1 mΩ μm2,120, 121 must be improved substantially. 
Similar to the MTJ case, the utilization of highly spin-polarized FM materials such as 
Co-based full-Heusler compounds is expected to provide large spin-dependent 
scatterings both in the FM layers and at the interfaces between the FM and the spacer 
layers, thereby improving the ΔRA of the CPP-GMR SVs.70 
 
The first Co-based Heusler CPP-GMR device was achieved in 2006 consisting of two 
Co2MnSi (CMS) electrodes separated by a 3 nm Cr spacer.122 A ΔRA of 19 mΩ μm2 
was reported, which is approximately 10 times larger than that of the conventional 
tri-layer system, such as CoFe/Cu (< 2 mΩ μm2),120, 121 suggesting that CPP-GMR 
with a high-quality Co-based half-metallic full-Heusler electrode has a great potential 
for the HDD read heads. However, the maximum MR ratio was only 2.4% at room 
temperature, and increased slightly to 5.2% by improving the L21 ordering of the 
CMS electrodes via proper annealing.123   
 
It should be noted that, besides the electrode materials, the choice of the spacer layer 
is also an important issue, since an epitaxial growth of the Heusler thin film on the 
spacer material is required to form fully epitaxial Heusler/NM spacer/Heusler 
tri-layers. Moreover, according to the Valet and Fert Model for CPP-GMR 
architecture,9 ΔRA is determined by the intrinsic spin-asymmetry coefficients not 
only in the bulk FM electrode (β) but also at the FM/NM interface (γ). Good band 
matching (Fermi surface matching) between the electrode and spacer materials for the 
majority spin is a predominating factor in achieving large SNR.82, 124-128 Besides, a 
large spin-diffusion length (SDL) and low resistivity are also necessary for the 
promising spacer materials. 
 
These considerations, combined with a small lattice mismatch, led to the selection of 
silver as an ideal spacer material coupled with the Heusler electrodes. Consequently, a 
CPP-GMR ratio of 6.9% at room temperature was realized for a 
Co2FeAl0.5Si0.5/Ag/Co2FeAl0.5Si0.5 tri-layer stack.129 Further enhanced CPP-GMR 
ratios of 34% for the same system130 and of 24% in an antiferromagnetic 
interlayer-exchange-coupling (AFM-IEC) architecture131 were reported. For 
CMS-based CPP-GMR stacks, much larger MR ratios of 28.8%132 and 36.4%133 were 
also observed by the substitution of Cr spacers by the Ag ones. In the last few years, 
the employment of various quaternary Co-based Heusler compounds as electrodes 
were also witnessed with relatively large MR values: 8.8%134 and 10.2%135 of 
Co2MnGa0.5Sn0.5, 41.7% of Co2FeGa0.5Ge0.5,136 and 74.8% , the largest value so far to 
our best knowledge, of Co2Fe0.4Mn0.6Si.137 The development of MR values in 
CPP-GMR SVs with various electrode and spacer materials is illustrated in Fig. 3. It 
is worth to mention that, generally, there are two main advantages for using the 
well-designed quaternary Heusler compounds, of which the first one is, as mentioned 
in Section 3, the enhancement of thermal stability by tuning Ef to the middle of the 
minority gap through varying the composition ratio. The second advantage is that the 
generated quaternary compounds can inherit the merits while avoid the shortcomings 
of its two parent ternary compounds by balancing their magnetic and spin states. For 
example, Co2(Cr, Fe)Al shares the modestly high SP of Co2CrAl and high Tc of 
Co2FeAl via mixing them together. 66, 67 
  
Attempts were also made to find other potential materials, such as Cu, as the spacer. 
Generally, however, the reported MR values were not as large as those stacks with Ag 
spacers.138-142 The reason was possibly the larger lattice mismatch between Cu and 
Heusler, which resulted in the lower degree of structural L21 ordering of the top 
Heusler layers on the Cu spacer and the large amount of twins in the Cu layers.141  
 
Narrow CPP-GMR read heads, incorporating Heusler materials as reference layers, 
were successfully tested using a conventional spin-stand system. Thus, the capability 
of the CPP-GMR technology for ultra-high density magnetic recording was 
demonstrated. Further investigation and exploration of Heusler-compound systems 
based on thermodynamics and the electronic structure, however, is necessary to the 
development of CPP-GMR tag materials and makes the heads superior to the TMR 
ones.139 In addition, searching for new materials for the spacer layer is another 
important issue in views of the lattice- and band-matching with the Heusler alloy FM 
layers.70 
4. All-Heusler TMR/GMR junctions 
 
In order to push the CPP-GMR values into the applicable range, an alternative 
approach, namely “all-Heusler” architecture, to improving the lattice- and 
band-matching for the optimization of the interface scattering properties, was 
proposed in Co2MnGe(Si)/Ru2CuSn/Co2MnGe(Si) trilayer stacks.125, 143 However, the 
measured MR ratio was only ~7%,  which could possibly be attributed to the 
reduced interfacial spin polarization caused by the large lattice mismatch, atomic 
disorder and surface states in the MnGe terminated Co2MnGe/Ru2CuSn interface. 
Recently, an interesting all-Heusler compound interface Co2CrSi/Cu2CrAl was 
proposed.124, 128 Co2CrSi and Cu2CrAl have the same lattice structure and their lattice 
constants match very well. First-principles electronic structure and transport 
calculations predicted an enhanced spin scattering asymmetry at the Co2CrSi/Cu2CrAl 
interface, which makes the Co2CrSi/Cu2CrAl/Co2CrSi stacking structure as an 
appealing candidate for the all-Heusler CPP-GMR architecture. Other all-Heusler 
interfaces like L21 Co2MnSi/Ni2NiSi,126 Fe2CrSi/Cu2CrAl,144 as well as C1b 
NiMnSb/NiCuSb,126 has also been proposed by first-principles calculation. By taking 
advantage of the intrinsically matched energy bands and Fermi surfaces among a 
number of full-Heusler compounds, Bai et al. suggested a design scheme of 
high-performance all-Heusler CPP-GMR junctions with large spin-asymmetry, high 
spin-filter efficiency, and consequently high MR ratio.145 Based on consideration of 
fulfilling the requirement of the interfacial structural and chemical compatibilities, 
Chadov et al. proposed a general rule of material selection for the all-Heusler 
scheme,146 which intends to provide stable high spin polarization at the interfaces of 
the magnetoresistance junctions. This can be realized by joining the semiconducting 
and half-metallic Heusler materials with similar structures. It was verified by 
first-principles calculations that the interface remains half-metallic if the nearest 
interface layers effectively form a stable Heusler material with the properties 
intermediately between the surrounding bulk parts.  
 
5. Heusler compounds with perpendicular magnetic anisotropy 
5.1 Cubic phase PMA Heusler 
The magnetoresistance phenomena discussed in the previous section (GMR or TMR) 
allows controlling an electron flow through a magnetic nanostructure by its magnetic 
state. The reciprocal phenomenon also exists. Spin-transfer torque (STT), which was 
predicted independently by Slonczewski and Berger in 1996,25, 26 is an attractive 
spintronics phenomenon in which spin-polarized current flowing between FM layers 
can change the relative alignment of their magnetization orientations. During the 
recent years, considerable interest has been witnessed for the development of 
STT-based magnetic random access memory due to the more precise addressing and 
lower energy consumption compared with its traditional counterparts, which is 
necessary when the size of the transistor shrinks to sub-100 nm regime.33, 147-153 
Currently, the investigations of spin-transfer switching in MTJs, which are the key 
element of the SPRAMs, have mainly been focused on the stacking structure 
containing a CoFeB/MgO/CoFeB tri-layer due to its large MR ratio.149-152 However, 
the switching current density of these MTJs is of the order of MA/cm2, which is too 
high for practical application. In fact, the dilemma of balancing the writability and the 
thermal stability becomes a crucial issue as the size of SPRAMs is shrinking154: for a 
smaller MTJ size, a higher writing current density is required to overcome the 
increased energy barrier for maintaining the thermal stability; however, only a large 
transistor can supply such a high current due to the current density limitation, thus the 
high storage density cannot be achieved for such one transistor and one memory 
design scheme. In other words, the main challenge for implementing SPRAM in 
high-density and high-speed memory is to reduce substantially the intrinsic current 
density required to switch the FM magnetization direction while maintaining high 
thermal stability required for long-term data retention.  
 
A few years ago, an elegant scheme of perpendicular-to-plane polarizer (PERP), in 
which the FM electrodes of the STT device are composed of perpendicular magnetic 
anisotropy materials, was proposed as a potential alternative to the conventional 
in-plane longitudinal polarizer (LONG) to overcome the challenge mentioned 
above.155-158 Two advantages can be achieved by using such PMA electrodes with 
magnetic anisotropy normal to the film surface. On one hand, for the patterned device, 
the magnetization of PMA materials is more uniform and does not suffer from the 
thermal instability due to magnetization curling observed at the edge of in-plane case, 
which would be beneficial to the reduction of the aspect ratio (length/width) of the 
film and hence the bit size.155 On the other hand, the switching current of the MTJ can 
be decreased by introducing PMA free layer, to counteract the effect of the large 
out-of-plane demagnetizing field which inhabits current-induced switching.24, 31, 159-162 
 
Various PMA materials, including Co/Ni163 and (Co,Fe)/(Pt,Pd) multilayers,164, 165 
L10-ordered FePt166 and CoPt167 alloys, and rare-earth/transition-metal alloys155, 168 
have been investigated for use as the PMA electrodes for perpendicular MTJs 
(p-MTJs) because of their high perpendicular anisotropy energy, resulting in high 
thermal stability. However, the low spin polarization of these conventional PMA 
materials and the large lattice mismatch with an MgO barrier reduce the TMR ratio of 
MTJs. They are also inclined to exhibit a large damping constant(α), e.g., αL10-FePt ≥ 
0.055 due to the strong spin-orbit coupling,169 and hence,  high current density (Jc0) 
for STT switching. Recently, perpendicular magnetization of ultrathin films of soft 
magnetic materials such as Fe and fcc-Co have been realized when sandwiched by 
Pt/Pd and oxides (amorphous AlOx and crystalline MgO layers), which are attributed 
to the hybridization of orbitals between ferromagnetic and oxygen atoms and the 
spin-orbit coupling.170, 171 Remarkably, the perpendicularly magnetized 
CoFeB/MgO/CoFeB MTJs were demonstrated to be effective for achieving high 
thermal stability, high TMR, and low critical current density simultaneously in an 
MTJ nanopillar, in which a large TMR of 124% and Jc0 = 3.9×106 A/cm2 have been 
obtained.153 
 
In order to further improve the SNR and reduce the switching current density, PMA 
thin films with a large tunneling spin polarization P such as half-metallic Heusler 
compounds are desired for the electrodes in MTJs. Among all the possible Heusler 
candidates, highly spin-polarized B2-ordered Co2FeAl possesses the smallest Gilbert 
damping constant (≈0.001 after post-annealing at 600 ℃),71 which is a substantial 
factor in reducing the STT switching current. Combined with its coherent tunneling 
properties as demonstrated in the CFA/MgO/CoFe MTJs,105 CFA is regarded as a 
promising material for the STT-devices, and therefore, has been intensely investigated. 
Wang et al. first demonstrated the PMA in CFA/Pt multilayers prepared on Pt 
buffered MgO(001) substrates by magnetron sputtering, of which the PMA energy 
density Ku is estimated to be 1.45×106 erg/cm3 at room temperature, which is 
comparable to that of the Co/(Pd,Pt) multilayers, and therefore, suggests the 
possibility of the incorporation of the highly spin-polarized CFA film into p-MTJ 
structures. However, the PMA as demonstrated is not only highly sensitive to the 
number of periods n of the multilayers but also confined to very thin CFA film (~0.6 
nm).74 In order to achieve thicker perpendicularly magnetized Heusler films, a 
sandwiched structure Pt/CFA/MgO was proposed by Li et al., claiming that the PMA 
is thermally stable up to 2 nm of the CFA film with Ku 1.3×106 erg/cm3.76 
Subsequently, Wen et al. reported demonstration of PMA in the structures of 
Co2FeAl/MgO, and inverse MgO/Co2FeAl, with Ku of 2-3×106 erg/cm3.77 Other ways 
of the fabricating perpendicular magnetized Heusler films have also been witnessed, 
e.g. the co-sputtering of CFA with terbium.73, 75 
At the device level, Sukegawa et al. experimentally demonstrated the spin-transfer 
switching in the epitaxial CFA-based MTJs CFA/MgO/CoFe prepared on a Cr buffer 
layer. However, the switching current density is still quite large (~29 MA/cm2) due to 
enhancement of the Gilbert damping factor of the CFA by the Cr buffer.172  Wen et 
al. fabricated ultrathin-Co2FeAl/MgO/Co20Fe60B20 p-MTJs, in which an out-of-plane 
TMR of 53% was achieved at RT and could be further enhanced to 91% by the 
improvement of the interface quality via inserting a 0.1-nm-thick Fe layer between the 
Co20Fe60B20 electrode and MgO spacer.173 Additional enhancement of the TMR ratio 
could be obtained by further improvement of the B2 ordering of the Co2FeAl 
electrode, and the interface structure.  
 
5.2 Tetragonally distorted phase PMA Heusler 
In addition to the cubic Heusler compounds, a group of tetragonally distorted Heusler 
compounds with the inverse structure, DO22-phase Mn2YZ, have recently attracted 
great scientific interest in the field of spin-transfer torque applications. In this 
structure, the Mn atoms occupy two different sites, forming one tetragonal and one 
octahedral sublattice. Due to the crystal field theory, Jahn-Teller distortion occurs in 
the tetragonal sites to minimize the total energy of Mn3+ d4 electronic configuration, 
which elongates the lattice along c-axis and reduces the crystal symmetry from the 
cubic F4ത3ܯ	to the tetragonal I4/mmm group. 
 
As a prototype, the compensated ferrimagnet Mn3Ga has been thoroughly studied. It 
turns out that the binary compound possesses a magnetization easy axis pointing 
perpendicular to the thin film surfaces (ܭ௨௘௙௙ = 1.2×107 erg/cm3), which is of crucial 
importance to maintain high thermal stability at moderate coercitive fields for 
long-term data retention in high-density magnetic data-storage devices.78-80, 83, 153 In 
addition, the combination of high spin polarization, high Curie temperature, low 
magnetic damping constant and low saturation magnetization (Ms = 250 emu/cm3) 
almost fulfills all the prerequisites for low energy-consumption spin-transfer torque 
devices.78-80, 83, 174 Recent experimental efforts have been made on the demonstration 
of tunneling magnetoresistance effect within the epitaxially grown magnetic tunnel 
junctions using Mn3-xGa compounds as electrodes.82, 175, 176 However, the MR ratio is 
very small and far below the application range. Based on first-principles calculations, 
Bai et al. concluded that the low MR is due to the poor wavefunction symmetry 
matching between the Mn3-xGa (x ~ 0) electrodes and the MgO spacer.177 Further 
experimental effort is highly demanded in order to push the MR ratio to the 
application range. 
 
Searching for new tetragonal distorted Mn2YZ (Y is typically transition metals more 
electronegative that Mn) Heusler materials, for instance Mn3-xCoxGa178, 179 and 
Mn2PtIn180, which have suitably designed properties as new magnetic layers in 
spin-torque devices, is an active field of ongoing research. A valence rule proposed by 
Wurmehl et al,46 which combines the well-known Slater–Pauling rule181, 182 with the 
Kübler rule45, provides a guide for finding new compounds with half-metallic-type 
behavior and completely compensated moments. On one hand, Slater–Pauling rule 
determines the total magnetic moment from the mean number of valence electrons. 
According to this rule, the half-metallic system of interest must have 24 valence 
electrons. The Kübler rule, on the other hand, states that Mn in Heusler compounds 
always carries a high local magnetic moment at the octahedral site (Y site of the 
formula X2YZ). Furthermore, it was found that even partial occupation of the Y 
position by Mn is sufficient to enforce a local magnetic moment on this site. 
Noticeably, very recently, a design scheme of novel tetragonal Heusler compounds 
based on the ab initio electronic structure calculation has been proposed.183 The band 
Jahn-Teller instability, which leads to the tetragonal distortion to the unstable cubic 
Mn2XY, can be characterized by the van Hove singularities (high peaks of density of 
states) in proximity of the Fermi energy.184, 185 
6. Summary and Outlook 
In this article, we give a comprehensive review of the Heusler family with special 
focus on its broad applications in the field of magnetic data storage, ranging from 
CPP-GMR read heads, to MRAM arrays, and to the very recently emerging SPRAMs. 
The overwhelming advantages over the conventional FM materials lead to the 
superiority of the Heusler compounds as outstanding functional building blocks for 
these spintronics devices. 
 
Further investigation and exploration of the Heusler compound systems based on the 
understanding of their thermodynamic and the electronic properties is highly 
demanded for the performance improvement of the current Heusler-based data storage 
devices. The search for new promising Heusler compounds will also be a fruitful 
research area in the coming years.  
 
Remarkably, a new class of half-Heusler compounds has recently been introduced as 
topological insulators (TIs),43, 44, 50-54, 186-197 which are insulating bulk covered by 
symmetry-protected metallic surfaces.198, 199 The most important characteristic of TIs 
is the band inversion behavior due to the strong spin-orbital coupling (SOC). As 
summarized in Fig. 5, tens of Heusler compounds have been predicted to show such 
character, analogue to the binary compound HgTe, a prototypical TI.51, 53 It has been 
demonstrated that both strain and electric/magnetic fields can be used to modify the 
electronic structure (band gap) and transport (carry mobility) properties of TIs.200-203 
Because of such unique electronic and magnetic features, TIs show potential 
developments in the field of spintronics and data storage application. For example, 
very recently, a topological insulating GeTe/Sb2Te3 superlattice was proposed for the 
phase-change random access memory (PCRAM).204 In consideration of the wide 
choices provided the Heusler family, it is natural to assume that this functionality 
could be transferrable to the Heusler-based TI superlattice architecture with even 
larger space for property tuning due to their ternary composition. Such novel 
discoveries, as well as the established promising magnetic properties as reviewed, 
would make the Heusler family continue to play a key role in the future data storage 
area. 
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Figures 
 
 
 
 
 
 
Fig. 1. Periodic table of Heusler compounds. The huge number of full Heusler 
compounds can be formed by combination of the different elements according to the 
color scheme. The electronegativity value is given below the element symbol. For half 
Heusler compounds XYZ, the elements are ordered according to their 
electronegtivity.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Development of the TMR ratio for MTJs with Heusler electrodes at low 
temperatures (blue symbols) and room temperature (red symbols). Data taken from 
Ref. 68 and Refs. 84-105.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Development of the GMR ratio at room temperature for CPP-GMR SVs with 
Heusler electrodes. Data taken from Refs. 122-141. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. A collection of Gilbert damping constants and uniaxial magnetic anisotropy 
constants in some PMA films. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5 Topological half-Heusler family of compounds. Topological band inversion 
strengths are plotted as a function of the product of the sum of the nuclear charges for 
several classes of half-Heuslers. The inversion strength is defined as the energy 
difference between the Γ8 and Γ6 states at the Γ point. Negative values denote absence 
of inversion. Materials with positive band inversion strength are candidates for 
topological insulators once the lattice symmetry is broken. Data of (a) taken from Ref. 
53; Data of (b) taken from Ref. 51. 
 
PERIODIC TABLE OF HEUSLER COMPOUNDS
Cu
29
1.90
SYMBOL
ATOMIC NUMBER
ELECTRONEGATIVITY
X YZ2 Full Heusler
XYZ Half Heusler
H
1
2.20
He
2
Li
3
0.98
Be
4
1.57
Na
11
0.93
Mg
12
1.31
K
19
0.82
Ca
20
1.00
Rb
37
0.82
Sr
38
0.95
Cs
55
0.79
Ba
56
0.89
Fr
87
0.70
Ra
88
0.90
Sc
21
1.36
Y
39
1.22
Ti
22
1.54
Zr
40
1.33
Hf
72
1.30
V
23
1.63
Nb
41
1.60
Ta
73
1.50
Cr
24
1.66
Mo
42
2.16
W
74
1.70
Te
43
1.90
Mn
25
1.55
Re
75
1.90
Fe
26
1.83
Ru
44
2.20
Os
76
2.20
Co
27
1.88
Rh
45
2.28
Ir
77
2.20
Ni
28
1.91
Pd
46
2.20
Pt
78
2.20
Cu
29
1.90
Ag
47
1.93
Au
79
2.40
Zn
30
1.65
Cd
48
1.69
Hg
80
1.90
Ga
31
1.81
B
5
2.04
Al
13
1.61
In
49
1.78
Tl
81
1.80
C
6
2.55
Si
14
1.90
Ge
32
2.01
Sn
50
1.96
Pb
82
1.80
La
57
1.10
Ce
58
1.12
Pr
59
1.13
Nd
60
1.14
Pm
61
1.13
Sm
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1.17
Eu
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1.20
Gd
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1.20
Ac
89
1.10
Th
90
1.30
Pa
91
1.50
U
92
1.70
Np
93
1.30
Pu
94
1.28
Am
95
1.13
Cm
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1.28
Tb
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1.10
Dy
66
1.22
Ho
67
1.23
Er
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1.24
Bk
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1.30
Cf
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1.30
Es
99
1.30
Fm
100
1.30
Tm
69
1.25
Yb
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1.10
Lu
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1.27
Md
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1.30
No
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1.30
Lr
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1.30
N
7
3.04
O
8
3.44
F
9
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Ne
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P
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S
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Cl
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3.16
Ar
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As
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2.18
Se
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2.55
Br
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Kr
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Sb
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2.05
Te
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2.10
I
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2.66
Xe
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2.60
Bi
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1.90
Po
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2.00
At
85
2.20
Rn
86
LANTHANIDE
ACTINIDE
57-71
89-103
LANTHA-
NIDE
ACTI-
NIDE
*
#
* Normally, the element (exists twice) is put at the beginning of the formula, whereas the main group element is placed at the end, such as Co  FeSi.
Exceptionally, the element (existes once) is put at the beginning of the formula if such element can definitively be defined to be most electropositive, for instance LiCu  Sb.
2
2
# The elements are ordered according to their electronegtivity. The most electropositive element is put at the beginning of the formula, for example MnNiSb. 
http://www.chem.qmul.ac.uk/iupac/^
IUPAC nomenclature  of Heusler compounds:^
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